Background/Aims: Alternative splicing and DNA damage exhibit cross-regulation, with not only DNA damage inducing changes in alternative splicing, but alternative splicing itself possibly modulating the DNA damage response (DDR). Sirt1, a prominent anti-aging player, plays pivotal roles in the DDR. However, few studies have examined alternative splicing with DNA damage in neural stem cells (NSCs) and, in essence, nothing is known about whether SIRT1 regulates alternative splicing. Hence, we investigated the potential involvement of Sirt1-mediated alternative splicing in the NSC DDR. Methods: Genome-wide alternative splicing profiling was performed upon DNA damage induction and SIRT1 deletion. Results: DNA damage caused genome-wide changes in alternative splicing in adult NSCs and Sirt1 deficiency dramatically altered DDR-related alternative splicing. In particular, extensive alternative splicing changes in DDR-related processes such as cell cycle control and DNA damage repair were observed; these processes were dramatically influenced by Sirt1 deficiency. Phenotypically, Sirt1 deficiency altered the proliferation and DNA repair of adult NSCs, possibly by regulating alternative splicing. Conclusion: SIRT1 helps to regulate alternative splicing, which itself affects the DDR of NSCs. Our findings provide novel insight into the mechanisms underlying the DDR in stem cells.
Introduction
Neural stem cells (NSCs) respond differently to different levels of DNA damage. In a previous study of cultured NSCs, we found that low levels of DNA damage were rapidly repaired and that high levels led to apoptosis, but that moderate levels persisted for a long time [1] . Other studies also showed that DNA damage could affect NSC proliferation, differentiation, senescence, and apoptosis [2] [3] [4] [5] [6] [7] [8] . However, the mechanisms involved in the regulation of these processes are complex and remain unclear.
Alternative splicing (AS) is a universal biological event that occurs in cells during normal development and under various stresses. DNA damage can alter the gene expression, subcellular localization, and protein modification of splicing factors, which ultimately affect the production of components that control cell fate through splicing [9] [10] [11] [12] [13] [14] . Previous work has indicated that AS of genes involved in DNA damage response (DDR)-related processes, such as DNA repair, cell cycle control, and apoptosis, are extensively modulated by DNA damage [15] . On the other hand, deficiencies in some splicing factors can also induce DNA damage [16, 17] , which suggests a close cross-regulation between AS and DNA damage.
The NAD + -dependent deacetylase SIRT1 plays important anti-aging roles in tissues such as the brain, heart, liver, and muscle by modulating the activity of some key components critically involved in regulating the cell cycle, apoptosis, and DNA repair [18, 19] . In the central nervous system, SIRT1 regulates NSC self-renewal, differentiation, and apoptosis by deacetylating cell fate commitment factors such as transcription factors, Notch-Hes1, retinoic acid, and p53 [20] . Although the classic DNA repair-related targets of SIRT1, such as WRN, Ku70, NBS1, and RAD51, have been known for a long time [21] [22] [23] [24] , recent investigations also revealed a series of factors, such as DBC1, HIPK2, and TopBP1, that influence DNA repair through the modulation of SIRT1 activity [25] [26] [27] .
The mechanisms of the DDR in NSCs have largely been elucidated but remain unclear; the role of SIRT1 in DNA repair is well studied but still needs further exploration. However, studies of the impact of SIRT1 on AS are nearly absent despite the considerable importance of SIRT1 and AS in the DDR. Here, with the widely used probabilistic framework called MISO (Mixture of Isoforms), we performed profiling analyses of AS events in adult NSCs under DNA damage induction and SIRT1 deletion, aiming to elucidate how the DDR is potentially regulated by SIRT1 control of AS processes. We found that widespread splicing events occurred in adult NSCs and that numerous biological processes were affected by DNA damage and SIRT1 deficiency at the AS level. Along with the observation of overrepresentation of splicing changes in genes involved in regulation of transcription, chromatin modification, RNA processing, and splicing, we discovered that DDR-related processes such as cell cycle control and DNA damage repair were affected by SIRT1 deficiency. We also verified the phenotypic changes in proliferation and repair ability introduced by SIRT1 ablation in adult NSCs.
Materials and Methods

NSC-specific SIRT1 KO mouse generation Sirt1
co/co mice (JAX008041) and NestinCreER T1 transgenic mice (JAX003771) were purchased from the Jackson Laboratory (Bar Harbor, ME T1 ;Sirt1 co/co or +/+ mice were intraperitoneally injected with tamoxifen (20 mg/ml in corn oil, 75 mg/kg body weight; Sigma-Aldrich, St. Louis, MO) for 5 successive days; 7 days later, the mice were sacrificed by cervical dislocation for tissue culture or perfused for brain slice analysis. All mice were housed in an experimental animal center at Tongji University, Shanghai, China; all animal care and experimental procedures were reviewed and approved by the Animal Committee of the school (TJmed-010-10).
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NSC culture
Primary mouse SVZ NSC cultures were established following a published protocol [28] . In this study, WT and SIRT1 KO NSCs were collected from three mouse brains each. After primary neurosphere formation, the cells were subcultured every 3 days. For the clone formation assay, NSCs from single-cell suspensions were seeded at a density of 500 cells per ml in 6-well plates; after 7 days, colonies with a diameter > 30 μm were counted. In adherent cultures for IR treatment and immunostaining, single-cell suspensions were seeded in Matrigel (Corning Inc., Corning, NY)-coated 24-well or 6-well plates.
Immunohistochemistry
Mice were anesthetized and cardiac perfused with 4% paraformaldehyde. Brains were dissected out, post-fixed in the same fixative for 6 h, and successively dehydrated with 10%, 20%, and 30% sucrose. The brains were frozen in Tissue-Tek optimal cutting temperature (OCT) compound (VWR, Richmond, IL) and coronally sectioned at 20 μm thickness. Tissue sections were mounted on slides and then subjected to antigen retrieval in citric acid buffer (0.01 M, pH 6.0) at 95°C for 15 min. The sections were then processed with blocking buffer (3% normal donkey serum in 0.25% Triton X-100/phosphate-buffered saline [PBS]) for 1 h and incubated first with primary antibodies diluted in blocking buffer for 48 h at 4°C and then with secondary antibodies for 1 h at room temperature. DAPI was used as a counterstain. Images were acquired and analyzed on a Leica TCS SP2 confocal microscope. Antibodies used in this procedure included nestin (mouse, Abcam, Cambridge, MA), SIRT1 (rabbit, Merck Millipore, Burlington, CA), goat anti-mouse CF488A, and goat anti-rabbit CF543 (Biotium, Fremont, CA).
Immunocytochemistry
Cell staining was performed according to the standard procedure. Briefly, cells were fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.3% Triton X-100/PBS for 20 min, and blocked with 3% normal donkey serum in 0.3% Triton X-100/PBS for 1 h. Primary antibody incubation was performed overnight at 4°C in blocking buffer followed by 1-h secondary antibody staining at room temperature; DAPI was used for nuclear staining. Images were acquired and analyzed on a Leica TCS SP2 confocal microscope (Leica Microsystems, Wetzlar, Germany) or Nikon inverted fluorescence microscope (Nikon, Tokyo, Japan). Antibodies used in this step included γ-H2AX (rabbit; Abcam), in addition to those used for the immunohistochemistry.
IR treatment
Adherent NSCs cultured in Matrigel-coated 24-well and 6-well plates were subjected to 8 Gy radiation in an X-ray system (RX-650, Faxitron, Tucson, AZ) with the parameters set at 70 kV for voltage and 8 min for time. The NSC cultures were then placed back in incubators until the sampling time.
Western blotting analysis
Protein samples were prepared from passaged NSC cultures derived from WT and SIRT1 KO mice. Proteins were separated by 10% stacking sodium dodecyl sulfate polyacrylamide gel electrophoresis and western blotting was performed for SIRT1 (Merck Millipore; 1:1000); actin (Sigma-Aldrich; 1:2000) was included as a loading control.
RNA sequencing
Total RNA was extracted using an RNA purification kit (Quick-RNA™ MicroPrep, R1050, Zymo Research, Irving, CA). RNA quality was analyzed by an Agilent 2100 with RNA integrity numbers above 9.0 for all samples. Next, 500-2000 ng total RNA was treated with Ribo-Zero Gold (Epicentre, Madison, WI), and mRNA was enriched using Oligo (dT) 25 Dynabeads (Life Technologies, Waltham, MA). RNA-Seq libraries were prepared and then sequenced with an Illumina HiSeq 2000. Reads with adaptors or more than 10% of N or containing more than 50% of bases with a quality value ≤ 5 were filtered out using SOAPnuke. Finally, 47 to 53 million single clean reads (49 bp) were obtained for each sample.
AS analysis FASTQ files were qualified by FastQC. Single-end sequencing reads were mapped to the mm10 reference genome using Hisat2 (version 2.0.4) with default parameters [29] . Files in sam format were converted to Cellular Physiology and Biochemistry
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indexed, sorted bam files with the help of the wrapper script from MISO (version 0.5.3). Aligned bam files were analyzed using the exon-centric pipeline of MISO [30] . Alternatively spliced exons (|ΔPSI| ≥ 10%, and Bayes factor ≥ 5) were lifted over to the mouse genome (mm10). Sashimi plots of RNA-Seq reads were generated using the built-in sashimi plot tool in MISO. GO analyses were performed using DAVID online tools [31] .
Statistical analysis
All statistical analyses except for MISO analysis were performed using the Student's t-test.
Results
AS occurs widely in adult
NSCs responding to DNA damage Because AS has a close relationship with the DDR, we compared alternative exon usage in adult subventricular zone (SVZ) NSCs with or without (CON) ionizing radiation (IR) using MISO, which assigns a "percentage spliced in" (PSI) value to each exon by estimating its abundance versus adjacent exons [30] . There were 455 differentially spliced exons between the CON and IR groups (|ΔPSI| ≥ 10% and Bayes factor ≥ 5), whereas there was no significant difference in the number of events with higher inclusion for the five AS types between the CON and IR groups. In total, 231 events showed higher inclusion in the CON group (PSI of CON > IR) and 224 were higher in the IR group (PSI of IR > CON) (Fig.  1a) , which indicated markedly different alternative exon usage between CON and IR NSCs. The 455 differentially spliced exons, which corresponded to 347 known genes, were then analyzed with Gene Ontology (GO) for Cellular Component (CC), Molecular Function (MF), and Biological Process (BP) analysis. CC and MF analyses revealed that most spliced genes were localized to the cytoplasm, nucleus, and nucleoplasm (Fig. 1b) , reflecting 1c) . In total, 50 biological processes were affected by IR treatment with p less than 0.05, among which the most relevant were implicated in transcription, mRNA processing, and chromatin modification (Fig.  1d) . These results indicated that considerable AS occurs in adult NSCs exposed to DNA damage, which influenced a large number of their biological processes.
Inducible inactivation of SIRT1 in adult NSCs
Previous work has identified SIRT1 protein expression in the nucleus of adult SVZ NSCs [32] . Using a Cre-loxP gene knockout (KO) system, we generated inducible SIRT1 KO mouse in which SIRT1 could be selectively inactivated in adult NSCs. The mice with loxP-site flanking of exon 4 of the Sirt1 gene (Fig. 2a) were crossed with NestinCreER T1 transgenic mice, which express a tamoxifeninducible form of Cre recombinase in adult NSCs. Two-month-old NestinCreER T1 ; Sirt1 co/co or +/+ mice were intraperitoneally injected with tamoxifen for 5 successive days (Fig. 2b) ; 7 days later, the mice were sacrificed for analysis. We confirmed the specific deletion of SIRT1 protein in adult SVZ NSCs and no impact on neighboring regions through SIRT1/NESTIN immunostaining (Fig. 2c) . The cultured NSCs used for subsequent study were isolated from NestinCreER T1 ; Sirt1 ko/ko or +/+ mice SVZ and also validated for SIRT1 expression with immunostaining and western blotting ( Fig. 2d and 2e ).
SIRT1 deficiency alters the AS status of NSCs
To investigate the impact of SIRT1 on AS in NSCs, we performed MISO analysis in wildtype (WT) and SIRT1 KO NSCs. We found that 440 exons (corresponding to 339 known genes) were differentially spliced between WT and KO NSCs, with 232 events showing higher inclusion in WT and 208 higher in KO (Fig. 3a) . GO analysis revealed that the differentially spliced genes were also mainly nucleoplasm-, cytoplasm-, and nucleus-related genes, which participate in the regulation of RNA/protein binding and enzyme activity (Fig. 3b  and 3c ). Through GO-BP analysis, we identified 29 affected biological processes with p less 
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Cellular Physiology and Biochemistry than 0.05, among which cell cycle and cellular response to a DNA damage stimulus were known procedures influenced by SIRT1, besides the top ranked terms such as transcription regulation and chromatin modification (Fig. 3d) . These results demonstrated that SIRT1 deficiency greatly altered the AS status of NSCs and thereby affected numerous cellular procedures including the cell cycle and DDR.
AS analysis of SIRT1-deficient NSCs under DNA damage SIRT1 deficiency caused numerous AS changes in NSCs. Thus, we next compared the AS status between WT and KO NSCs under DNA damage (IR treatment). Through MISO analysis, we identified 431 exons (corresponding to 335 known genes) that were differentially spliced between WT-IR and KO-IR NSCs. KO-IR NSCs had a higher number of events with higher inclusion for all five AS types compared with WT-IR, with 186 showing higher inclusion in WT-IR and 245 higher in KO-IR (Fig. 4a) . Most of the differentially spliced genes were mainly localized to the nucleus, cytoplasm, and nucleoplasm and played central roles in regulating RNA/protein binding and enzyme activity (Fig. 4b and 4c ). In the 45 affected biological processes with p less than 0.05, most genes were implicated in transcription, chromatin modification, and RNA processing and splicing; in particular, cell cycle regulation, the apoptotic process, and response to stress were also represented (Fig. 4d) . These results also indicated the important role of SIRT1 in the DDR of NSCs at the AS level. 
The AS affected by SIRT1 is correlated to DNA repair and cell cycle progress in NSCs under DNA damage
To analyze the DDR-related splicing of NSCs, we compared the AS status between CON and IR (also designated as WT and WT-IR), WT and KO, and WT-IR and KO-IR. In WT and WT-IR, 79 events with higher inclusion (in total, 231) and 46 with lower inclusion (in total, 224) in WT had consistent splicing status in WT vs KO; 232 had higher and 208 had lower inclusion, comprising 34% and 22%, respectively (|ΔPSI| ≥ 10% and Bayes factor ≥ 5) (Fig. 5a) . These results meant that SIRT1 deficiency caused numerous AS changes that correlated with the DDR. In total, there were 416 spliced exons in WT-IR and 520 in KO-IR with higher inclusion (|ΔPSI| ≥ 10%); of these, 108 and 161 events showed the same splicing status in WT vs WT-IR, with successively decreased (WT > WT-IR > KO-IR) or increased (WT < WT-IR < KO-IR) PSI values (Fig. 5b) . With 269 spliced exons (corresponding to 232 known genes) analyzed using GO-BP, we found that DDR-related procedures such as DNA repair, the cell cycle, and cell division were overrepresented among the 19 affected biological processes with p less than 0.01 (Fig. 5c ). Sashimi plots of the DNA repair-, cell cycle-, chromatin modification-, and 
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RNA splicing-related events displayed successively increased or decreased expression of the spliced exons in WT vs WT-IR vs KO-IR, including all five AS types (Fig. 5d, 5e and Fig. 6 ).
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SIRT1 deficiency affects proliferation and DNA repair in adult NSCs
Based on the biological processes revealed by AS analysis, we examined proliferation and DNA damage repair in adult NSCs from WT and SIRT1 KO mice. Using a clone formation assay, we found that SIRT1-deficient NSCs had higher clone formation ability than WT NSCs, with neurosphere numbers of 70 in WT and 120 in KO per 1000 single cells (Fig. 7a and  7b) . On the other hand, Ki67 immunostaining of NSCs indicated that KO NSCs had a higher proliferation rate than WT NSCs, with percentages of Ki67-positive cells in KO and WT of 72% and 62%, respectively ( Fig. 7c and 7d) . All of these results demonstrated that SIRT1 deficiency plays an activating role in NSC proliferation. Immunostaining results with γH2AX, a well-known marker of DNA damage, revealed that SIRT1 deletion increased DNA damage under normal culture conditions and decreased DNA repair under DNA damage conditions in NSCs, as determined by the γH2AX focal number per cell (Fig. 7e and 7f) . 
Discussion
A recent review summarizing previous studies of the RNA splicing response to DNA damage suggested that the coupling of AS to the transcription of genes involved in DDRrelated processes could be disrupted by DNA damage [15] . Specifically, studies of different cell lines treated with various DNA-damaging agents (eg, cisplatin for MCF7 cells and UV irradiation for fibroblasts) indicated extensive influence of DNA damage on AS [33] . In the present study, we performed genome-wide AS analysis of primary NSCs under IR treatment, work that has not been reported previously. Unsurprisingly, 455 differentially spliced exons and nearly 50 affected biological processes were identified between CON and IR-treated NSCs. Some were neural cell-related processes such as nervous system development, neuron projection development, dendrite morphogenesis, and negative regulation of astrocyte differentiation, which indicated that DNA damage could affect NSC development, consistent with the findings of a previous study [4] . Furthermore, the expected DDR-related procedures were also included, such as apoptotic signaling, regulation of cyclin-dependent protein kinase activity, and drug response pathways.
Given the importance of SIRT1 in cellular activities including DNA repair [18, 19] and the scarcity of studies concerning the impact of SIRT1 on AS, we generated SIRT1-deficient NSCs and performed AS analysis. Our work uncovered 440 differentially expressed spliced exons affected by SIRT1 deletion. These exons were enriched in 30 significant biological processes, demonstrating the prominent role of SIRT1 in AS. Previous work in NSCs revealed the involvement of SIRT1 in regulating self-renewal, differentiation, and apoptosis [20] ; accordingly, our splicing analysis identified some related procedures affected by SIRT1 deletion, such as the cell cycle, cell division, and regulation of DNA-dependent DNA replication. An interesting but not completely surprising observation was that the cellular response to DNA damage was identified, suggesting that SIRT1 may influence DNA repair through the regulation of AS in NSCs. Furthermore, under DNA-damaging conditions, 
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Cellular Physiology and Biochemistry many more processes were enriched in the DDR in WT and KO NSCs, such as responses to hydroperoxide and UV, apoptosis, cell division, and regulation of the cell cycle, revealing the considerable importance of SIRT1 in NSCs dealing with DNA damage. In the above two comparisons (WT vs KO and WT-IR vs KO-IR), together with the analysis of CON vs IR, most of the spliced genes were overrepresented in regulation of transcription, mRNA processing, and chromatin modification, as previously noted [15, 34] . Moreover, these results are in accordance with the location of the vast majority of spliced genes in the cytoplasm, nucleus, and nucleoplasm, reflecting their RNA/protein binding and enzyme activity functions, because chromatin is intimately associated with the control of splice site selection and coordinates DNA repair activities.
To further explore the DDR affected by SIRT1 deletion at the AS level, we performed combined analyses of AS events occurring in adult NSCs. Within the WT vs KO comparison, 34% of spliced exons with higher inclusion in WT and 22% with higher inclusion in KO displayed a consistent splicing status in CON vs IR, which confirmed the ability of SIRT1 deficiency alone to cause changes in AS involved in the DDR in NSCs responding to endogenous stimuli. In WT-IR vs KO-IR, 26% and 31%, respectively, of spliced events showing higher inclusion shared a similar splicing status with CON vs IR; DDR-related processes such as the cellular response to DNA damage stimuli, cell cycle, cell division, and DNA repair were identified among the shared spliced exons. These findings further indicated the important role of SIRT1 in modulating the DDR of NSCs under exogenous stress.
Our analyses identified genes involved in DNA damage repair (eg, Rad51ap1, Nek1, Lig3) and correlated with cell cycle control (eg, Zfp207, Mapk7) in WT vs WT-IR vs KO-IR as determined by the PSI value and expressed with sashimi plots. As verified in recent work, the RAD51AP1-UAF1 complex promotes RAD51-mediated homologous DNA pairing [35] ; NEK1 can orchestrate homologous recombination and replication fork stability by regulating RAD54 [36] ; and MAPK7 plays a key role in controlling cell proliferation, migration, and invasion in osteosarcoma [37] . We also performed further experiments to validate the phenotypic changes in NSCs caused by SIRT1 deletion, with neurosphere formation and Ki67 immunostaining results demonstrating the inactivating role of SIRT1 in proliferation and γH2AX staining data revealing the need for SIRT1 in DNA damage repair. All of these results provide strong evidence to support our belief that SIRT1 may regulate the DDR in NSCs by controlling AS.
In conclusion, in the present study, we profiled the AS of adult NSCs under DNA damage conditions and with SIRT1 deficiency. Our findings revealed widespread AS in adult NSCs responding to DNA damage and massive biological processes affected by SIRT1 at the AS level. In NSCs, an overrepresentation of splicing changes occurred in genes involved in regulation of transcription, chromatin modification, RNA processing, and splicing. In particular, we uncovered the DDR-related processes such as cell cycle control and DNA repair affected by SIRT1 deficiency. Primarily, we showed that the significant role of SIRT1 in the DDR of NSCs could involve the regulation of AS. Our work provides a novel insight into the mechanisms underlying DDR in stem cells. However, given the preliminary findings, further detailed studies need to be performed.
